Clarin 1 (CLRN1) is a four-transmembrane protein expressed in cochlear hair cells and neural retina, and when mutated it causes Usher syndrome type 3 (USH3). The main human splice variant of CLRN1 is composed of three exons that code for a 232-aa protein. In this study, we aimed to refine the structure of CLRN1 by an examination of transcript splice variants and promoter regions. Analysis of human retinal cDNA revealed 11 CLRN1 splice variants, of which 5 have not been previously reported. We studied the regulation of gene expression by several promoter domains using a luciferase assay, and identified 1000 nt upstream of the translation start site of the primary CLRN1 splice variant as the principal promoter region. Our results suggest that the CLRN1 gene is significantly more complex than previously described. The complexity of the CLRN1 gene and the identification of multiple splice variants may partially explain why mutations in CLRN1 result in substantial variation in clinical phenotype.
INTRODUCTION
Usher syndrome (USH) is the most common cause of hereditary combined deaf-blindness with the prevalence of 3-6 per 100 000. 1 USH is a clinically and genetically heterogeneous disease: the three subtypes (USH1, USH2, and USH3) are distinguished by the age of onset, severity, and type of the hearing loss. Usher syndromes are caused by mutations in at least 11 genetic loci within 9 identified genes. 2 USH3 is characterized by progressive hearing loss, retinitis pigmentosa, and variable vestibular dysfunction. 3 Worldwide, USH3 is the rarest subtype accounting for only 1-6% of all Usher syndrome cases; however, among Ashkenazi Jews and in the Finnish population, up to 40% of the USH cases have the USH3 subtype. [3] [4] [5] The causative gene for the USH3 phenotype is Clarin 1 (CLRN1). [6] [7] [8] Initially, the gene was called USH3A and was reported to contain five exons and two splice variants: the main form contained exons 1, 2, 3 (exon 3a in this article), and 4 (exon 3b in this article) with a 120-aa open reading frame (ORF) ( Figure 1, 4) ; the second variant also included exon 1b, between exons 1 and 2, and had an ORF of 30-aa (Figure 1 , 5). 6 Subsequent studies refined the gene structure and named the gene CLRN1. The initially identified four-exon form was determined to be a rare splice variant, with the main splice form containing exons 0 (named for its location upstream of exon 1), 2, and 3 (exon 3a continuing into the intron between exons 3a and 3b) with 232-aa ORF (Figure 1, 1) . 7, 8 To date, all of the known mutations causing USH3 are located within this three-exon main variant. [7] [8] [9] The CLRN1 gene is rather conserved throughout evolution and the primary three-exon variant is ubiquitously expressed in many human tissues. 6, 8 Computer analyses predict a four-transmembrane domain tetraspanin-like secondary/tertiary structure for the CLRN1 protein. 7, 8 When transfected into and expressed in cultured baby hamster kidney (BHK) cells under CMV promoter, the wild-type full-length CLRN1 protein is trafficked to the plasma membrane, [9] [10] [11] and endogenous CLRN1 protein in UB/OC-1 immortal auditory hair cell line is trafficked to the post-trans Golgi vesicles, 12 whereas the mutated forms are retained in the endoplasmic reticulum (ER). 9,11 CLRN1 has also been reported to be involved with F-actin organization 11 and synaptic maturation. 12 The localization has been characterized in the mouse cochlea, where Clrn1 is expressed in hair cells and spiral ganglion cells, 7, 12 and the absence of Clrn1 in null mice leads to disorganization of the hair cell stereocilia. 10, 13 In the murine retina, Clrn1 expression was found in Müller glia, 10 whereas immunohistochemical analyses suggest protein localization in the photoreceptor connecting cilia, inner segments, and ribbon synapses. 12 The pathophysiology of USH3 remains unexplained. This study was conducted to elucidate the complete gene structure of CLRN1: its promoter regions, alternative splice variants, and the possible implications of these splice variants on CLRN1 function.
METHODS

Amplification and sequencing of alternative splice variants
Alternative CLRN1 splice variants were amplified from Human retinal cDNA library (Clontech, Mountain View, CA, USA) with several combinations of primers (The representative primers used to obtain the previously known and the novel splice variants reported in this study are given in Supplementary  Table 1 ; others are available upon request.), variable annealing temperatures, and different DNA polymerases (Advantage-GC 2 (Clontech); AmpliTaq Gold (Applied Biosystems, Foster City, CA, USA); FastStart Taq (Roche Diagnostics, Basel, Switzerland); and Titanium Taq (Clontech)). cDNA from human retinal pigment epithelial cell line (ARPE-19) was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and isolated according to Roomets et al, 14 human cochlear cDNA was a gift from Dr Frans Cremers, and additional tissue-specific cDNAs were from Human Multiple Tissue cDNA panels I and II (Clontech). These cDNAs were used to study the tissue-specific expression of alternative splice variants. The amplified products were electrophoresed through agarose gels and any amplified DNA sequences that differed in size from the main variant were collected using a Qiaquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany). The purified amplicons were cloned using TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA) and subsequently sequenced using BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems).
In silico studies of promoter regions
We searched for promoter region conservation between human and mouse with William Pearson's lalign program (http://www.ch.embnet.org/software/ LALIGN_form.html) 15 and ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/ index.html). 16 Transcription factor binding sites were predicted with TESS (http://www.cbil.upenn.edu/tess) 17 and EMBOSS CpG island detection prediction (http://emboss.ch.embnet.org/wEMBOSS/) 18 software packages. Transmembrane regions of splice variants were predicted using TMHMM (http:// www.cbs.dtu.dk/services/TMHMM/) 19 and TMpred (http://www.ch.embnet. org/software/TMPRED_form.html) 20 programs.
Promoter analysis
Candidate promoter regions that were identified in silico were further analyzed for promoter activity in vitro. The 1550 nt region upstream of the first exon of the primary transcript, exon 0, showed the most potential in silico and the rest of the in vitro studied promoters were set to the same size. We cloned the 1550 nt segments in front of exons 0, 1, 2, and 3a into a pGluc-Basic vector (New England BioLabs, Ipswich, MA, USA) and used pCMV-Gluc control plasmid (New England BioLabs) as a positive control. The vector constructs were then transfected in triplicate with Fugene 6 transfection reagent (Roche Diagnostics) into BHK-21 cells (CCL-10, ATCC). The promoter activities in transfected cells were studied using Gaussian Luciferase Assay kit (New England Biolabs) and Victor 2 Wallac 1420 multilabel counter (Perkin Elmer, Waltham, MA, USA) at 48 h after transfection. (253) ex3 (266) ex2b (39) ex0b (151) ex1 (25) ex3a (137) ex3b (21) ex1b (86) ex0L (261) ex2L (248 Figure 1 Known and novel splice variants of CLRN1. (1) NM_174878, the main CLRN1 variant comprises exons 0, 2, and 3. The 5¢ UTR and 3¢ UTRs are not counted in the exon nucleotide number (in brackets). Known human CLRN1 splice variants or EST sequences from gene databanks: (4) NM_052995, the original CLRN1 variant with exons 1, 2, 3a, and 3b reported in 2001; (5) AF388368, coding region only 30-aa long; (6) BM666773 found from retina, exons 1 and 2 are coded in an alternative reading frame compared with the other splice variants, and a stop codon appears in this frame in exon 2 (presence of a stop codon marked with a red star); (10) BX491536, exon 0 open reading frame (ORF) continues to the intron until stop codon, potentially codes for 87-aa protein; and (11) CV570593, exon 2 continues to the intron, codes for a potentially 167-aa long protein. Novel splice variants found in human retina cDNA library (marked with an asterisk): (2) HM626132, main variant with added exon 2b; (3) HM626133, main variant with added exons 0b and 2b; and (7-9) HM626134, HM626135 and HM626136, splice variants between exons 0 and 1b. CLRN1 exon 2 is also connected by splicing to three EST sequences downstream of CLRN1. Downstream EST sequences from databanks are (15) BE673203, (16) DV080481, and (17) DV080691. The 5¢ UTR is unknown, but presumed in this figure to start from exon 2. Possible ORFs in these variants (12-14: HM626137, HM626138, and HM626139) are depicted as arrows. ORFs that continue the same ORF as in CLRN1 exon 2 are depicted as green arrows, reading frames in blue and red begin from exon 2, but are not in the same ORF as CLRN1. Two ORFs running in opposite direction than CLRN1 ORF are depicted as orange in either solid or dashed line. The exon and intron sizes are not drawn in scale.
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RESULTS
Alternative splice variants
We found 10 alternative CLRN1 splice variants in addition to the main variant containing exons 0, 2, and 3. Five of these variants were novel. Alternative splice variants either included new exons, excluded previously known ones, or were found to use alternative 3¢ splice sites (Figure 1, 2-11 ). All of these variants included at least one of the three exons belonging to the main variant (Figure 1, 1) . Each of the exons 0, 2, and 3 have alternative 3¢ splice sites leading to elongated exon 0 (transcript 0 long, 0L; Figure 1 , 10), elongated exon 2 (transcript 0-2 long, 2L; Figure 1, 11) , and shortened exon 3 (3a in original 1-2-3a-3b transcript; Figure 1, 4) , respectively. There are interrupting stop codons in exons 0b, 1b, and in exon 2 of the 0-1-2-3 splice variant (Figure 1, 3, 5-9 ). Splice variants, 0-2-3, 1-2-3a-3b, 1-1b-2-3, 0-1-2-3, 0L, and 0-2L, were also identified in existing gene sequence databases. The splice variants 0-2-2b-3 (HM626132), 0-0b-2-2b-3 (HM626133), 0-1b (HM626134), 0-0b-1-1b (HM626135), and 0-0b-1b (HM626136) described in this study are novel (Table 1) . We sequenced the additional CLRN1 exons (except 0b because of early stop codon) for sequence changes from approximately 65 USH patients with a phenotype compatible with USH3 and no mutations in the exons of the main variant (0, 2, and 3), but we were unable to identify mutations in exons not included in the main variant. We also found splice variants in human retinal cDNA that contained CLRN1 exon 2, which was connected by splicing to exons from EST sequences BE673203, DV080481, and DV080691 located downstream from CLRN1. The 5¢ ends of these transcripts remain unknown, and therefore it remains unclear as to whether these sequences are translated into protein. There are, however, ORFs in all these splice variants ( Figure 1, 12-14) . All the intron-exon splice sites in CLRN1 splice variants follow the GT-AG rule. 21 Most of the splice variants within the CLRN1 gene contain predicted transmembrane regions (Supplementary Figure 1) .
All the splice variants were initially detected from human retinal cDNA. The main variant was expressed in several tissues (Supplementary Figure 2) including retinal pigment epithelial ARPE-19 cells (data not shown), retina, and cochlea. Other tissues such as heart, lung, skeletal muscle, spleen, thymus, and peripheral blood leukocytes had either very weak or unmeasurable expression (Supplementary Figure 2) . Splice variant 0-2-2b-3, which most likely encodes a functional protein isoform as it only changes the primary product by 13-aa (Supplementary Figure 1b) , was detected in the retina, cochlea, heart, brain, placenta, lung, skeletal muscle, pancreas, and ovary (Supplementary Figure 2) .
Promoter region analysis
Apart from one CpG island that was detected À4400 nt 5¢ of exon 1, which is not included in the main splice variant, no detectable CpG islands were found from the studied CLRN1 promoter regions (newcpgreport and newcpgseek; EMBOSS). In silico predictions (TESS) found several potential transcription factor binding sites, including C/EBP, GATA, H1, Sp1, TBP, YY1, and WT1-KTS upstream of exon 0; C/EBP, GATA, H1, TBP, and YY1 upstream of exon 2; CACCC, H1, Sp1, and YY1 upstream of exon 1; and CACCC, Sp1, and YY1 upstream of exon 3 ( Figure 2 ).
Promoter constructs (5¢ 1550 nt long sequences upstream of translated regions of exons 0, 1, 2, and 3a) were transfected in triplicate into BHK-21 cells and luciferase activity was measured from the culture media ( Figure 3 ). The strongest activity was induced by the 1000 nt region upstream of exon 0 (the canonical CLRN1 promoter). There was a significant drop in activity when the region between 1000 and 1550 nt upstream of exon 0 was included. In this region, (CA) 23 repeat was located 1107-1152 nt 5¢ of translation start site. The second strongest activity level was induced by the region upstream of exon 2 whereas the region upstream of exon 1 induced expression only slightly above the negative control (media), and less signal than the baseline control (unmodified pGluc vector; Figure 3 ). The experiment was replicated three times to confirm the results.
DISCUSSION
This study demonstrates that the structure of CLRN1 gene is significantly more complex than previously indicated. The complexity is especially evident in the first intron (3¢ of exon 0) the longest of the CLRN1 introns, which is likely re-spliced at the 0b, 1, and 1b exon junctions before the main intron-exon junction at exon 2. 22 The function of these splice variants remains unknown: some may be errors in the splicing process and some may generate functional molecules. Among other USH genes, for example, harmonin is Refined structure of USH3A gene Clarin-1 (CLRN1) H Västinsalo et al known to undergo alternative splicing, a characteristic that is known to be important for proper gene function. Alternative harmonin isoforms localize to separate compartments in photoreceptor cells and, moreover, have also been found to exhibit different tissue specificities. 23 In CLRN1, some of the alternative splice variants have ORFs that could be translated into functional proteins. For example, the variant including exon 2b results in the addition of 13 extra amino acids onto the 232-aa main isoform, and thus very likely encodes a functional protein (Supplementary Figure 1b) . Small, tissue-specific alternative exons that provide crucial functional modifications to the proteins are especially important in nervous system-specific isoforms. 24 The 232-aa CLRN1 isoform forms dimers and multimers when expressed in cell cultures, 9 and there is a possibility that the alternative isoforms are also included in these multimer structures. Many CLRN1 splice variants have translation stop codons before the final exon (Figure 1,  3 , 5-9). They are most likely untranslated, but may have a regulatory function at the RNA level, influencing the expression of the primary transcript, similar to other known premature termination codons within alternative splice variants. 25 Some of these untranslated variants may be degraded by nonsense-mediated decay (NMD) that is known to affect splice variants having a stop codon 450-55 nt upstream of the last spliced exon-exon boundary. 26, 27 In light of these data, the splice variants including exon 0b are most likely affected by NMD as the stop codon is À101 nt upstream of its exon-exon junction. Variants with exon 1b (stop codon À21 nt upstream of exon splice site), and 0-1-2-3 with a stop codon in exon 2 (stop codon À50 nt upstream of exon-exon splice site) may also be affected by NMD if the UTR continues splicing as in isoform 1-1b-2-3. Alternatively, NMD may not influence expression if the UTR does not continue past exon 2. The complete structure of the 3¢ UTR in all exon 1b splice variants is still unknown.
It is also plausible that the CLRN1 splice variants exhibit different tissue specificities. Tissue-specific splicing requires unique combinations of negative and positive influences by transcription factors and other regulatory elements. These signals are difficult to accurately determine using in silico examination. 22 In the BHK cells that we studied, the main CLRN1 promoter region is 1000 nt 5¢ to exon 0 and likely regulates the weak expression levels seen for the main CLRN1 splice variant in most tissue types. 7, 8 We studied other possible promoter regions responsible for this activity and other possible promoter regions for the alternative splice variants in transfected cells to identify all regions required for the basal activity. Our studies showed that although promoter region activity levels varied among transfected cell culture sets according to cell culture age, stage, and other variables, the CMV promoter expression level (used as Refined structure of USH3A gene Clarin-1 (CLRN1) H Västinsalo et al a positive control) also varied correspondingly and the relationship between weaker and stronger regulatory regions remained constant. Also, the promoter region conservation between human and mouse is in concordance with the observed higher activity level of the more conserved 5¢ region upstream of exon 0, when compared with the weaker region upstream of exon 1 (Figure 3 ). It is, however, unlikely that the proximal promoter contains all the required information for correct transcriptional control of CLRN1 expression in all tissues and developmental stages. Additional elements such as enhancers and/or silencers may be located more distantly, downstream or upstream. In the retina and cochlea where USH3 manifests itself, the studied CLRN1 promoter sequences are probably augmented by cell type and developmental stage-specific signals that could not be recapitulated here (perhaps with the exception of in silico studies). For example, the potential promoter regions for the main CLRN1 transcript contain the H1 core sequence (TAATC) that is thought to be a binding site for the photoreceptor-specific homeodomain transcription factor Crx 28 ( Figure 2) .
Our results suggest that the dominant promoter elements proximal to the CLRN1 gene are located within 1000 nt upstream of exon 0. When an additional 550 nt (5¢ to the 1000 nt) were added to the expression construct, expression decreased significantly, suggesting the presence of negatively acting control elements in the region between À1000 and À1550 nt 5¢ of the translation start site. The CA repeat region in this area has potential binding site for WT1-KTS that can function in transcriptional repression. 29 Similar results in cell culture studies have been reported, with extended promoter sequences having an inhibitory effect on active promoter regions: examples include Pcdh15, the gene associated with USH1F, 30 and RK (rhodopsin kinase), the gene associated with Oguchi disease. 28, 31, 32 The situation is further complicated by the pseudogene CLRN1OS (AF388367) located on the opposite strand. 6, 7 CLRN1OS and the main CLRN1 splice variant have overlapping first exon 5¢ UTRs running in opposite directions (Figure 1 ). This pseudogene may have an important role in antisense transcriptional control of CLRN1 either by hybridizing to the CLRN1 coding DNA strand or interfering with transcription or mRNA stability similar to cases reported by Katayama et al. 33 The main variant of CLRN1 seems to be expressed rather ubiquitously, 7, 8 which would correlate with the presence of a CpG island that is often found in promoters of genes with no or little tissue specificity. 34 The only clear CpG island near CLRN1 could be detected using in silico studies within À4400 nt upstream of exon 1. TATA boxes are usually associated with tissue specificity, but in CLRN1, the function of recognized TATA binding protein (TBP) binding sites may well be compensated by the presence of Sp1 and YY1 factor binding sites, which are either weakly or strongly, respectively, associated with less tissue-specific genes 34 (Figure 2) .
Knowing the structure and function of the CLRN1 gene is a prerequisite for understanding the pathophysiology of USH3, and for developing therapies for the disease. All the known mutations have been found from the exons included in the main splice variant (Figure 1 , exons 0, 2, and 3), but most of the mutations occur in the exons 0 and 2, 9 which are also included in some of the alternative CLRN1 protein isoforms (Supplementary Figure 1) . Curiously, USH3 has highly variable progression and severity, even among siblings carrying the same mutations. [3] [4] [5] 35, 36 Some of this phenotypic variety may be explained by the complex structure of CLRN1, the use of alternative promoters and the expression of alternatively spliced variants. As the CLRN1 protein is suggested to form multimers, the presence of alternative protein isoforms in these multimeric complexes may be crucial to the correct function of CLRN1 in human cochlea and retina.
